Abstract-This paper concerns a novel moving coil actuator integrated with a high-performance seat valve for use in digital displacement machines (DDM), which is an emerging fluid power technology that sets strict actuator requirements in order to get a high energy conversion efficiency. Hence, the mechanical switching time must be in the millisecond range and the actuator power consumption must be in range of few tens of watts. The objectives are twofold: First, establish a proof-of-concept for the integrated actuator/valve that relies on several principles and mechanisms new or uncommon in fluid power applications. Second, formulate and validate a transient numerical model describing the actuator/valve. A coupled simulation model is established to predict the switching performance in which transient electromagnetic finite-element-analysis with dynamic remeshing is coupled to a set of ordinary differential equations describing the motion dynamics. In this way, the movement induced hydromechanical fluid forces caused by rapid acceleration of the valve plunger is coupled with the electromagnetic dynamics. The proposed model is compared rigorously against measurements obtained from a series of experiments based on a fully operational valve prototype. Comparisons of, e.g., transient flux density, current, and plunger position, show that the model describes both the actuator and the valve motion very well. Finally, results are presented when testing the prototype valve in fully operational DDM to establish proof-of-concept for the proposed valve concept. The actuator/valve is shown to be capable of rapid switching in less than 4 ms, while only consuming approximately 45 W corresponding to 0.7% of the machine output power.
I. INTRODUCTION

D
IGITAL displacement (DD) technology has the potential to improve the efficiency of variable displacement fluid power machinery, especially at partial displacements where conventional fluid power machines typically suffer from a poor efficiency [1] , [2] . This, combined with the well-known advantages of conventional fluid power machines such as high power density and good reliability and ruggedness, makes digital displacement machines (DDMs) attractive candidates for several applications where fluid power previously have been unsuited. However, despite the potential of DD technology, a commercial breakthrough still awaits.
Fundamentally, in a DDM a number of cylinders are connected to a high and low pressure manifold through electrically controlled on/off switching valves. These valves are key components of the machine and they must ensure fast switching while imposing small electrical and flow power losses. Also, the valves must be robust to endure billions of cycles in applications such as, e.g., hydrostatic transmission systems in wind turbines [3] . Commercial valves meeting these requirements do not yet exist [4] . Fig. 1 illustrates the architecture of a DDM (left) and the socalled motoring and idling operation cycles (right). The valve symbols illustrate the functionalities of the valve concept presented in this paper, i.e., a moving coil actuated normally open seat type check valve. When operating in motoring mode, oil is displaced from the high pressure to the low pressure manifold while doing work on the piston during the extending half of the stroke. In each cycle, one active closing and one passive opening occur for both the low pressure valve (LPV) and the high pressure valve (HPV). During the idling operation cycle, the LPV is kept open throughout the cycle, resulting in no work being done on the piston. The machine displacement is controlled by varying the fraction of motoring versus idling cylinders on a stroke-by-stroke basis. This enables rapid control of the total machine displacement. Importantly, a high efficiency can be maintained at low displacement ratios [4] .
The fundamental ideas of the DD technology were conceived at the University of Edinburgh in the late 1980s that later resulted in the foundation of the company Artemis Intelligent Power (AIP). Over the years AIP has applied the technology to a wide range of applications including hybrid commercial vehicles [2] , excavators [5] , hybrid city buses [6] and also, in collaboration with Mitsubishi Heavy Industries, a 7 MW hydrostatic wind turbine transmissions system [7] .
For DDMs having relatively large cylinders operating at high speed, a new class of fast-switching valves is required that has a large flow capacity and a low pressure drop but still is capable of switching in the millisecond range. The state-of-the-art DDM's developed by AIP use solenoid actuators for switching of the seat/poppet valves, but concise valve performance information has not been published. In academia, solenoid [8] , [9] , moving coil [10] , and moving magnet [11] actuated valves have previously been studied for DDMs.
Moving coil actuators are based on the Lorentz force principle [12] . A static flux generated by a permanent magnet exits leading to a superior transient force performance, compared against solenoids, because no delay is present between the coil current and the electromagnetic force. Another advantage is that the force typically is almost position independent, making valve design having large stroke lengths feasible. This is important for achieving large flow capacities. Also, a relatively long stroke length may reduce the axial flow forces induced on the moving member during flow conduction which in turn reduces the required actuator force [13] . Due to the superior transient performance and the linear force characteristics, moving coil actuators are typically used in applications such as audio speakers, camera lens positioning systems, etc. Even though the majority of valves used in fluid power systems are based on solenoid actuation principles, commercial valves based on the moving coil principle are also available. For example, the Parker DFplus servo valve [14] exhibits promising transient performance. However, this particular valve is a spool type making it unsuited for high-efficient DD operation due to its leakage flow. In academia, moving coil-based servo valves have been studied in [15] and [16] : these are also spool based and aimed for much smaller flow capacities than needed for efficient highspeed DD operation. A generic disadvantage of the moving coil actuator is that a durable and flexible electrical connection is required to the moving coil. Depending on the application, this may lead to more complicated designs consisting of many small parts.
To study the suitability and the potential of using moving coil based valves for DDM applications, a moving coil actuated seat valve have been developed by the authors. This paper focuses on modeling of the time-dependent switching behavior of the valve using a transient electromagnetic finite-element-analysis coupled to a detailed lumped parameter model of the motion dynamics. The correctness of the model is assessed by comparing simulation results against measured data obtained by a series of experiments on a prototype (PT) actuator/valve. Experimental results are presented with the PT valve deployed in a real DDM test rig to establish a proof-of-concept under actual loading conditions. Fig. 2 shows a sectional CAD model view (top) and the valve parts (bottom) for the developed PT. The valve of annular seat type has check valve capability for flow entering from the bottom flow port. A spring is used to produce a passive opening force ensuring that the valve does not close due to the axial flow forces during flow conduction. A slitted (to ensure galvanic insulation) titanium foil is glued to the plunger on which a coil is wound. The magnets are radially magnetized producing a close to uniformly distributed magnetic field perpendicular to the windings of the coil. The sintered neodymium shell magnets have a nickel-copper-nickel coating. The electrical interface between the moving coil and the stationary housing is based on spring connectors.
II. MOVING COIL ACTUATED SEAT VALVE FOR DDMS
Because the coil is situated in the hydraulic oil, it is exposed directly to the high cyclic pressures inherent in digital displacement operation. While imposing some additional mechanical stress, the oil serves well as an electrical insulator and it effectively transports heat away from the coil through advection. The actuator core material is low carbon steel characterized by a relatively high magnetic saturation point. The plunger material is titanium due to its low weight and relatively high strength. The valve design was derived using multiobjective optimization to minimize the electrical and flow related losses when operating a 50 CC cylinder at 800 RPM leading to peak flow rates of 125 l/min, for detailed information see [17] . Table I lists other key characteristics.
III. ACTUATOR/VALVE MODELING
The time-dependent behavior of the integrated acutator/valve assembly is modeled using a coupled model comprising transient electromagnetic finite-element-analysis (FEA) and lumped models describing the electrical circuit and the valve movement. Fig. 3 outlines the overall coupling between the submodels in Comsol. The electrical subsystem is implemented using the electrical circuit interface, the mechanical subsystem is implemented using the global ordinary-differential-equation (ODE) and differential-algebraic-equation (DAE) interface and the electromagnetic subsystem is implemented using the geometrybased magnetic fields interface.
A. Electromagnetic FEA
The actuator is modeled in an axisymmetric domain since the geometry is primarily rotational symmetric. The magnetic field is solved based on Maxwell equations using the magnetic vector potential approach. For the time-dependent case, the equations solved for each node of the solution domain are as follows: where σ is the material conductivity, A the magnetic vector potential, H the magnetic field intensity, B the magnetic flux density, and J e the externally generated current density. The term σ δ A δt represents the currents induced in the material due to a time varying flux density (according to Faraday's law), often referred to as eddy currents. Fig. 4 illustrates the individual domains using a typical discretization. Further information about each of the numbered subdomains is given in Table II . Primary triangular mesh elements are used, except for regions being completely rectangular where quadrilateral elements are better suited. The zoom in Fig. 4 shows the coil and permanent magnet region. Movement of the coil (to emulate valve closing) is accomplished by dynamically remeshing regions 2 and 3 using the deformed geometry interface in the multiphysics Comsol software package. In the model, the plunger is not moved during the simulation as it has negligible influence on the generated electromagnetic force exerted on the moving valve member due to the low permeability of the plunger material.
The electrical and magnetic properties, needed to solve the magnetic diffusion (1), are also given in Table II . As can be seen, a constant permeability is used for air, copper, titanium, and the permanent magnet. For the automate steel and the impax supreme steel, the BH-curves shown in Fig. 5 are used to describe the constitutive relation between field intensity and flux density. The permanent magnet is modeled using
where M is the magnetization. The material parameters are listed in Table II . The copper conductivity is temperature corrected as it has considerable influence on the coil resistance
where ρ cu, T 0 is the copper resistivity at the reference temperature T 0 being 20 • C equal to 1.68 · 10 −8 Ωm, α cu is the temperature coefficient of copper equal to 0.00404 K −1 . The outer boundary of the solution domain is modeled as a magnetic insulator condition that sets the tangential components of the magnetic potential to zero at the boundary.
B. Electrical Circuit Model
The coil voltage and current is modeled using a voltage source coupled to the distributed field model of the coil available in the electrical circuit physics package in Comsol. Comsol does not by default include the back EMF term in the magnetic vector equation and instead it is included manually. The induced back EMF voltage is dependent on the coil velocity, the coil geometry, and the flux density normal to the current and movement direction. In total, the voltage equation becomes 
where N is the number of turns, d coil is the mean coil diameter, and the axillary variable B coil,mean,r (t) represents the mean radial flux density of the coil. 
C. Mechanical Model
The model describing the motion of the moving valve member is
here, the spring force is modeled based on Hooke's law
where z pre is the compression of the spring in the closed position and k spring is the spring constant.
In (6), F mov represents the movement induced forces acting on the plunger when being moved through the viscous oil
where the position-dependent variables K a , K v , and K d shown in Fig. 6 are based on a detailed CFD study and experiments of the movement-induced fluid forces performed for the plunger geometry published in [18] . By integration of acceleration (6), the velocity and position are obtained. The mechanical model is implemented using the ODE/DAE interface in Comsol. The mechanical endstop at the closed position is modeled using a pseudomodel ensuring that the moving member is stopped when z < 0.
IV. ACTUATOR/VALVE MODEL VALIDATION
Ultimately, the actuator/valve is installed in a DDM and under these operating conditions it is impossible to measure, e.g., the displacement of the plunger or the flux density in the air gap. Therefore, a number of standalone tests are performed first where the valve is installed in specialized test rigs that allow to gather a variety of data. As detailed in the sections below, a series of experiments are made to assess the validity of the model including measurements of the following: 1) static radial flux density in the air gap; 2) transient radial flux density in the air gap; 3) static electromagnetic actuator force as a function of current and plunger position; 4) voltage, current, and position during switchings. 
A. Static Air Gap Flux Density
The air gap flux density is important to model accurately since the generated electromagnetic force is proportional to the flux density, which was measured by fixing a Bell 5100 Series Gauss/Tesla Meter probe to the stationary part of a lathe while rotating the valve. Then, while turning the lathe and moving the probe in the air gap at low speed, continuous measurements of the static axial flux density in the air gap are obtained. The bottom part of the valve and the moving member, including the coil (see Fig. 2 and regions 1, 6, and 7 of Fig. 4) was not installed during this experiment.
Postprocessing the data leads to the average radial flux density shown in Fig. 7 for zero coil current, where the results predicted by the model are also included. Only small discrepancies are observed for i = 0. The simulated static flux density is also shown for coil currents of −15 A and 15 A to asses the sensitivity of air gap flux to the coil current. A negative current counteracts the flux generated by the magnet and produces force in the direction closing the valve. In the fully opened position, the average flux density change is −17% and 10% for −15 A and 15 A, respectively.
B. Transient Air Gap Flux Density
The transient behavior of the magnetic flux density in the air gap has also been measured when giving a voltage step to the actuator coil. Since this experiment is performed with the valve fully assembled, there is insufficient space for having the gauss meter probe in the air gap because it is occupied by the coil. Instead, a groove was made in one of the magnets making sufficient space for having the gauss meter probe next to the coil. A 30 V pulse with a duration of 10 ms was then given to the coil while measuring the radial flux density at the probe position. This was repeated while sweeping the position of the probe. In this way, the maps of the radial flux density B r,gap (t, z probe ) in Fig. 8 were acquired. In this test, the moving member was fixed in the fully opened position. Due to the groove made in the permanent magnet to accommodate the probe, the static flux density has decreased significantly in the vicinity of the modified magnet. This can be observed by comparing the flux density in Fig. 8 before the voltage step is given with the static flux density in Fig. 7 . However, the modification does not influence the time-dependent response of the magnetic field significantly since the permeability of air is close to that of the magnet.
To enable comparison with simulated results using the axisymmetric model, the average static flux density is subtracted to get the radial flux density change ΔB r,gap (t, z pr ) = B r,gap (t, z pr ) − B r,gap (−5 ms, z pr ). (9) Fig. 9 compares (9) when using the measured flux map in Fig. 8 against corresponding simulated results. The temperature, used for calculation of the copper resistivity was set to 20
• C. The comparison shows good coherence between measured and simulated results.
C. Static Actuator Force
The static actuator force has been measured as a function of coil current and plunger position. The actuator/valve assembly was mounted in fixture incorporated into a Sauter SD200N100 spring tester that locks the plunger in a certain position. A current pulse of sufficient width for steady state to occur was applied and the resulting actuator force was recorded. Sweeping the position and the current amplitude allow the static actuator force to be mapped, as shown in Fig. 10 . Here, the corresponding simulations using the axi-symmetric model in a completely static case are also included. Again, a temperature of 20
• C was used. The measured and simulated results primarily show good correspondence, although at the extreme positions notable discrepancies are present, especially at larger (absolute) currents as indicated by the red arrows in the figure. These errors are due to limitations of the test setup and do not represent the actual generated actuator force.
D. Valve Switching Performance
The position, the voltage, and current of the actuator have been measured on an 12 bit oscilloscope during switchings. A Keyence LK-G82 laser displacement sensor was used for position measurement. The tests have been conducted with the valve situated in air, and with the valve completely submerged in hydraulic oil. Measured results are shown for voltage steps of approximately 30 V and 50 V amplitude in Fig. 11 together with the corresponding simulation results using the model described earlier. Considering the case without oil in Fig. 11 , the measured results shows that the valve closes in approximately 1.7 ms and 2.7 ms for the 50 V and 30 V cases, respectively. At the instants of the valve closing, the coil current drops rapidly. This is caused by the spring connector used for the electrical interface between the moving coil and the stationary housing. However, when the actuator/valve operates is in oil, a smooth increase in the current is observed as expected due to the back EMF voltage going to zero. In oil, the valve closing time is measured to be approximately 2.5 ms @ 50 V and 4.2 ms @ 30 V voltage step.
The simulated results have been performed by supplying the measured voltage waveforms as input to the model. For the oil case, the full mechanical model is used with the coefficients shown in Fig. 6 and for the case without oil the movement induced force F mov is set to zero. The temperature used for the copper resistance was for the no oil case 45
• C and for the oil case 65
• C, corresponding to coil resistances of 2.38 and 2.54 Ω, respectively. Good correspondence is seen for all the presented results proving that the presented model is capable of predicting the transient behavior of the valve quite well. Notable deviation is present for the simulated current after the valve is closed for the 50 V cases. This is expected to be because the wire resistance increases slight during the closing. In the simulations, a mesh consisting of approximately 6000 elements was used and a variable time-step solver was employed with step sizes typically ranging between 1 · 10 −9 ms and the maximum allowed step size 20 · 10 −6 ms. The model evaluation time is less than 10 min. using an Intel i7 2.8 GHz processor with 16 GB memory.
V. VALVE TEST IN DIGITAL DISPLACEMENT MACHINE
To establish proof-of-concept for the proposed switching valve, concept tests have been performed with the prototype actuator/valve deployed in a inhouse-built DDM test rig. Below, the DDM test rig is presented and experimental results are presented for both motoring and pumping operation cycles.
A. DDM Test Rig
A DDM test rig has been built with the main objective to perform in situ testing of fast switching valves [19] . A commercial radial piston machine has been modified by blocking the connection between the port plate and one out of five machine cylinders. A customized manifold was attached to a modified cylinder head in order to access the pressure chamber. The manifold connects the piston chamber to the high and low pressure oil supply by means of two prototype valves and in this way a one-cylinder version of Fig. 1 was realized. Each cylinder of the machine has a displacement of 50 CC/rev leading to peak valve flows of 125 l/min during the maximum tested speed (800 RPM).
A photo of the experimental setup and the overall layout of the hydraulic circuit are shown in Figs. 12 and 13 , respectively. Accumulators are used both at the low and high pressure port of the LPV and HPV, respectively, to stabilize the pressures p L and p H . The pressure reducing valve (2) in Fig. 13 is used to control the pressure level. In case of pumping operation, the directional valve (1) is set as drawn, the gate valve (4) is closed and the pressure relief valve (3) is used to set the desired pressure level and to dissipate the fluid power through throttling. In case of motoring, the gate valve (4) is open and the directional valve (1) is switched to the other state. During tests, the remaining four cylinders are effectively disabled by short circuiting the machine ports (another accumulator, not shown on the schematic, is used to stabilize this pressure string).
The shaft of the radial piston machine is connected to a 85 kW three-phase permanent magnet synchronous machine (PMSM) (model: Leroy Somer LSRPM250ME-T). The PMSM is speed controlled using a high-performance four quadrant drive that has a bidirectional mains interface. The actuators are controlled using in-house designed and built driver electronics. The test rig is well equipped with sensors for measurement of, e.g., pressure dynamics, shaft position, and torque. The whole system is controlled by a fully customized National Instruments hardware platform using a mix of FPGA functionality and real-time processors.
For the test presented in the following section, the moving coil actuated prototype valve is installed as the LPV. Another prototype valve [11] based on the moving magnet actuator principle is used for the HPV.
B. DDM Test Results
Fig. 14 shows an DD motoring operation cycle at approximately 100 bar machine pressure span and 800 RPM. As the piston approaches the top dead center (TDC), the closing signal is given to the LPV. Approximately 3.0 ms later, the valve impacts with the end stop at the closed position. At this instant, the current i L increases rapidly because the back EMF goes to zero. After the LPV valve is closed, the chamber pressure increases rapidly until reaching the high-pressure supply level where the HPV valve passively opens due to the check valve functionality. As the piston approaches the bottom dead center (BDC), the HPV valve is actively closed and then the chamber decompresses. When reaching the low-pressure supply level, the LPV valve opens passively. When an actuator is not energized, the open circuit voltage is measured. In this way, the passive opening of the LPV can be monitored based on the induced back EMF voltage. The valve opening time is estimated to 3.3 ms in this way. The simulated position and current of the LPV are obtained using described model with the measured voltage as an input. The simulated current corresponds well with the measured one.
The instantaneous power delivered to the shaft is
where V d is the cylinder displacement, p c is the measured chamber pressure, and θ is the shaft angle relative to the TDC. Calculating the average of (10) across one revolution cycle gives an average shaft power of 6.21 kW. The average electrical power consumed by the LPV moving coil actuator is 44.5 W corresponding to 0.72% of average shaft power. Fig. 15 illustrates the performance during a DD pumping operation cycle at 800 RPM and approximately 100 bar. During pumping, the LPV is closed at or shortly after the BDC. Again, the LPV closing time is deducted from the current waveform to be approximately 3.0 ms. After the LPV is closed, the chamber compresses and the HPV subsequently opens passively. Oil is displaced to the high-pressure manifold as the piston moves towards the TDC, where the HPV valve is closed after which the chamber decompresses and the LPV valve opens passively. Again the simulated current is observed to correspond well with the measured. Based on the induced back EMF voltage, the LPV opening time is estimated to be 2.2 ms. The faster opening occurs since the valve opening is carried out further from the respective dead center. Using (10), the average mechanical input power is calculated to be −6.23 W. The average electrical power consumed by the LPV is 44.7 W corresponding to 0.72 % of the average input power. The results shown in Figs. 14 and 15 were sampled with the oil temperature ranging between 40
• C and 50
• C.
VI. CONCLUSION
The work presented in this paper has demonstrated that a moving coil actuated switching valve can be deployed in digital displacement fluid power machines operating at relatively high speed. Indeed, the use of a moving coil actuator in such an application is quite untraditional and unproven but nevertheless the experimental work reported in this paper illustrates that such a concept may be realized. Furthermore, the presented actuator/valve performs very well: the valve switching speed is typically less than 4 ms and the power needed to drive the actuator is in the range of a 25-50 W and combined with the low pressure drop versus flow the overall performance in DDM operation is good.
In order to refine the design of the next generation of the actuator/valve even further, another objective of the reported work is to validate detailed numerical models of a valve actuated by a moving coil principle. The developed model couples transient two-dimensional electromagnetic finite-element analysis with a lumped model of the electric circuit driving the coil and with a lumped model describing the plunger motion dynamics that takes movement-induced fluid forces into account. Based on a series of measurements on an actuator/valve prototype, it is concluded that switching characteristics predicted by the model accurately represents the actual switching performance. Also, special setups and techniques were used to measure the air gap flux density both during steady state and transient operation.
Comparisons with results produced by the model show good correspondence. Finally, the static force versus current and position was measured and the results show that the model also predicts the electromagnetic force accurately.
